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SOME QUESTIONS AND ANSWERS ON FUNDAMENTALS OF COAXIAL CABLES 


Single Braided Shield & Stranded Center Conductor 


What do we mean by the characteristic 
impedance of a cable? I’ve never really had a 
clear understanding of this. 


Well, that’s probably because you were told it 
had something to do with how much current 
would flow if the cable was ideal, lossless and 
infinitely long. Few of us have imaginations 
equal to picturing that utopia. Look at it this 
way. When we talk about the impedance of 
anything we are referring to a quality about it 
that limits current when you apply a voltage. 
Coaxial cables have such a quality. We have 
two problems understanding it. One problem 
is with imagining what gives rise to the quality 
and the other is to see how the cable length 
and load relate to the quality. 


How much current would you say can flow in 
a cable that is open at the far end? None? 
Almost right! If you suddenly applied a di- 
rect voltage, current would flow momentarily 
-- and whether the far end were open, shorted 
or on fire, the initial amount of current would 
be the same. If the far end were open, cur- 
rent would eventually have to cease. And if 
the far end were shorted, current would 
eventually increase. What is eventually? 
Eventually, in this case, would be the time it 
takes for a signal to travel down and back. 


Travel would be at a constant velocity and 
between 66 and 100 percent of the velocity 
of light, depending on the kind of cable. 
That’s as quick as a newly applied voltage can 
"know" what’s at the other end. The 
initial current would not change during this 
entire interval if the applied voltage didn’t 


change. We’re talking about an interval of 2 
or 3 nanoseconds per foot because the signal 
must travel both ways at a rate of 1 to 1.5 
nanoseconds per foot. 


So the characteristic impedance of a cable can 
be said to be that quality which limits the 
initial current when you suddenly apply a 
voltage. If the cable is short you can 
terminate the far end with a resistor equal in 
value to the cable impedance and the con- 
tinuing current will be practically the same 
as the initial current. 


Double Shield & Stranded Center Conductor 


What is there about a cable that you might 
say causes it to have a characteristic imped- 
ance? 


Two things. The series inductance of the 
shield and center conductor and the capac- 
itance between them. The higher the induct- 
ance the higher the cable impedance. And the 
higher the shunt capacitance between the con- 
ductors the lower the impedance. There is a 
kind of self-balancing effect between the 
series inductance which tends to increase im- 
pedance with increasing length, and the shunt 
capacitance which tends to lower impedance 
with increasing length. The capacitance of a 
coax is distributed along its entire length and 
the inductance is likewise distributed along 
its entire length. There is a little ditty about 
cables that goes "every little picofarad has a 
nanohenry all its own”! If you knew the in- 
ductance of a given piece or length of coax 
and knew the capacitance of it too, you 
could calculate the characteristic impedance. 
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Q. Would that be tough? 
A. No, you’d merely take the square root of the 
ratio of inductance to capacitance. The equa- 
[L 
tion isZg = Cc . 
Q. Is the characteristic impedance constant for 


all frequencies of signals that you may apply? 


A. Well, you have to watch that word “‘all’’. It 
is a little bit like never’. For most practical 
considerations, the answer is yes, though. 


Q. Then why do we call it characteristic imped- 
ance instead of characteristic resistance. 


A. Pretty good question. For one thing, there is 
no power dissipation associated with this 
thing called cable impedance. Although the 
conductors do have a small amount of resis- 
tance that causes a loss in voltage and power, 
you can’t find a discrete 50-ohm resistance 
anywhere within the structure of a 50-ohm 
cable. 


Two Insulated Shields for Better Shielding or 
“Guard” Voltage on Inner Shield 


Q. How would you find the inductance of a 
given length of coax? 


A. Why would you want to do that? Well, if you 
were a cable manufacturer maybe you'd want 
to in order to control impedance. But con- 
trolling inductance per unit length is done 
strictly by controlling the conductor diameters. 


There is a formula you can use based on the 
ratio of the inside diameter of the outer con- 
ductor to the outside diameter of the inner 
conductor. In general, the smaller the diam- 
eter of the inner conductor the higher the in- 
ductance. But it is really a ratio thing; you 
can increase inductance and characteristic 
impedance by either making the center wire 
smaller or the shield bigger. 


Don’t you also make the capacitance smaller 
when you make the center wire smaller? 


Yes, you do. And that helps raise the charac- 
teristic impedance if that’s what you were 
trying to do. Now that you mention it, we 
can see that this ratio of diameters thing, 
because it affects both capacitance and in- 
ductance of a given chunk of cable, is one 
principal physical factor determining cable 
impedance. The dielectric constant of the in- 
sulation between the two conductors is the 
only other factor. Inductance per unit 
length is dependent only on the ratio of diam- 
eters but capacitance per unit length is de- 
pendent on the ratio of diameters and on die- 
lectric material as well. Knowing the dieleg¢- 
tric constant and the ratio of diameters you 
could calculate impedance without even 
knowing inductance or capacitance per unit 
length. 


What happens to the impedance in a region 
that is smashed or crimped? 


Goes down. Portions of the outer shield get 
closer to the center conductor increasing the 
shunt capacitance in that region and lowering 
the series inductance. 


Would a similar thing happen if the center 
conductor moved out of its concentric, coax- 
ial position? 


Yes. Asa matter of fact, this can easily hap- 
pen with sharp bends in large cables. 


Polyethylene Foam-Filled Corrugated Copper Shield 


1-5/8” to 1/2” Nominal Diameter 


What kind of impedances do coaxial cables 
come in? 


The ones that are made for communications 
work run from 50 ohms to about 200 ohms. 
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Why not higher or lower? 


Well, for one thing, it gets very tough to 
manufacture close tolerance coax having a 
higher impedance than about 200 ohms be- 
cause of the tremendous difference in the 
diameters of the shield and center conductor. 
You have to have a hair-fine middle wire. For 
example, a 200-ohm cable made with solid 
polyethylene insulation would have an outer 
» diameter more than 100 times greater than 
that of the inner wire. A 100-ohm cable 
made of the same materials would have a D/d 
ratio of 14 to 1 and a 50-ohm cable a ratio of 
about 3.6 to 1. Very small close tolerance 
wires are hard to make and then hard to han- 
dle when fabricating a cable. 


Are most of the high frequency losses in the 
dielectric material? 


No, not for the dielectric materials used these 
days, except that is, until you get above 1 
GHz. 


Then why should the type of dielectric mate- 
rial affect what cable impedance is optimum? 


The optimum impedance has nothing directly 
to do with the kind of dielectric. Sorry if 
you got that idea. What is basically optimum 
is the ratio of the diameters. The magic ratio 
is 3.6 to 1. With that ratio you have a 51- 
ohm cable if the dielectric is solid polyethyl- 
ene and a 77-ohm cable if the dielectric is 
entirely air. If the insulation has a dielectric 
constant between that of air and that of 
polyethylene then the optimum impedance 
will be somewhere between 51 ohms and 77 


ohms. 
MIT FAD LAB D RAGAN F [ape’ 


Armored Jacket Over Single Shield - Solid Center 
Conductor Supported in Hollow Polyethylene 
Tube by Twisted Polyethylene Threads 


What about impedances lower than 50 ohms? 


The cables are easy to make but below 50 
ohms high frequency attenuation get worse. 


Are there optimum cable impedances for the 
least attenuation of high frequency signals? 


Yes, but it depends on what dielectric mate- 
rial fills the space between the center con- 
ductor and shield. For cables where the space 
is completely filled with solid polyethylene, 
the optimum impedance is 51 ohms. At the 
other extreme, where air is nearly the entire 
dielectric, the optimum impedance is about 
75 ohms. 


What do you mean by the other extreme? 


Solid polyethylene has the highest dielectric 
constant of any of the commonly used cable 
insulations and air has the lowest dielectric 
constant. That says for a given D/d ratio you 
have the least capacitance per foot or per 
meter when air is the dielectric and most 
capacitance when solid polyethylene is the 
insulator. 


Hollow Polyethylene Tubes Support Center Conductor - 
Common Sizes: 3-1/8” to 3/8” 


Why would anyone want a cable impedance 
higher than 77 ohms then? 


Well, minimum attenuation per foot is not the 
only thing anybody looks for in a transmis- 
sion line. If the line is long, attenuation is apt 
to be pretty important, but for short lines the 
losses may be small enough to be quite toler- 
able. The main use for cables with higher im- 
pedance is where you would like to deliver as 
much vo/tage as possible from a generator 
that is loaded pretty heavily by 50 or 75 
ohms. For example, from a generator having 
a source impedance of 50 ohms, only half of 
the available voltage will appear across a 50- 
ohm load but two-thirds would appear across 
a 100-ohm load. If you had a “constant” cur- 
rent source (high impedance) there would be 
twice as much voltage delivered through a 
100-ohm cable to a 100-ohm load as would be 
delivered through a 50-ohm cable to a 50- 
ohm load. 


What other kinds of insulation materials are 
there? 


Mainly one -- polytetrafluoroethylene, PTFE 
or TFE for short. Du Pont calls it TEFLON, 
their registered trade mark. But a variety of 
dielectric constants are possible by combining 
air or some inert gas with one of these mate- 
rials. Foam polyethylene is now common, 
Beads, discs, helical rods or tubes, etc., are 
, used to support the center conductor and 
keep it centered. This constitutes a mixture 
of gas and solids and a dielectric constant 
somewhere between 1 for air and 2.26 for 
polyethylene. The dielectric constant for 
TFE is 2.05. 


When is TFE used? 


Mainly when the cables have to withstand 
high temperatures. TFE is good to over 
200°C, twice the distance from ice to steam! 
Polyethylene starts to get soft at about 80°C. 


Solid Shield Over Solid TFE Insulation - Rugged, 
Stable, Gigahertz Cable 


Is there much difference in high frequency 
attenuation between a 50-ohm cable with a 
solid polyethylene dielectric and a 77-ohm 
cable with air dielectric? 


Yes, there is; more than a two-to-one differ- 
ence if you are talking about attenuation for a 
given length. The difference is not that great 
for a given delay. When you compare atten- 
uation be sure the cables are the same size. 
Small diameter cables attenuate a signal much 
more than large diameter cables, just the same 
as there is more voltage drop and power loss 
in small wires than in large wires when they 
carry the same current. When comparing sizes 
the critical dimension to look for is the inner 
diameter of the shield, in other words, the 
diameter of the dielectric. You should also be 
sure when you make this comparison, that 
corresponding conductors in the two cables 
are the same metal. 


Why is that? 


Conductivity. Copper is a better conductor 
than aluminum, for example. 


Would large diameter cables made of copper 
conductors and having an air dielectric and 
77-ohms impedance provide the least high 
frequency losses? 


Yes. Well, almost. Silver would be a little 
better! Also, there is a limit to size not dic- 
tated by space or cost considerations but by 
the maximum signal frequency you may need 
to transport. All coaxial cables will become a 
waveguide at some very high frequency and 
waveguides are narrow band, frequency selec- 
tive transmission lines. 


Pressurized Rigid Line 6-1/8” to 7/8” 


You said that under about 1 GHz most atten- 
uation was not caused by dielectric losses. 
What does cause it? 


Skin effect, the fact that high frequency 
signals travel right on the surface of a con- 
ductor -- the outer surface of the inner con- 
ductor and inner surface of the shield. At 
higher and higher frequencies less and less of 
the available metal does any conducting. It’s 
like cutting down on the wire size more and 
more as the signal frequency is increased. 
This is the main reason why high frequency 
signals are attenuated more than low fre- 
quency signals. It’s also why very large coax- 
ial lines may have a hollow center conductor. 
Metal in the middle may be completely 
wasted if the cable carries no direct voltage 
or low frequency components. 


Do the cable manufacturers tell you how 
much high frequency attenuation to expect 
from their different cables? 


Yes, they do. One thing that’s easy to over- 
look though, is that the figures usually repre- 
sent an average or nominal amount of atten- 
uation rather than a maximum. And even 
when you know the maximum attenuation 
there are some cases where you need to know 
how much deviation from that amount you 
should expect. 


Flat Ribbons Instead of Round Wires for Shield 
Reduce Losses Above About 1 GHz 


Q. , How is attenuation stated? 


Usually in decibels; dB per hundred feet at a 
stated frequency. And because this figure in- 
creases with frequency you sometimes see a 
graph which shows you GB attenuation plot- 
ted against frequency. That lets you pick any 


frequency you may be interested in. 


How come dB’s? Why not percent? 


Tradition for one thing. That's the way it has 
been done for a long time. Besides, decibels 
are easier to handle even though they may be 
harder to conceptualize. If you have two 3 
dB losses it means you have a total of 6 dB’s 
of loss. It’s that easy. If you had two 29.3% 
voltage losses do you know what that would 
total? Fifty percent. Harder, right? And the 
fact is a 50% loss in voltage is the same as a 6 


dB loss. 


O.K., so | have to string 150 feet of cable that 
has a loss of 3 dB per hundred feet. How do | 


figure the loss? 


Easy. If the loss is 3 dB per hundred that’s 
the same as 0.3 dB for every ten feet. Fifty 
feet of loss would be equal to five of those 
0.3 dB chunks, or 1.5 dB. One hundred and 
fifty feet would introduce a loss of 4.5 dB; 
3 dB for the first hundred feet and 1.5 dB for 


the next fifty feet. 


Stee! Messenger Wire Supports Flexible Cable When 
Suspended Between Poles 


What are some examples of how much high 
frequency attenuation you might expect from 
some typical cables? 


Well, of the 50 ohm, medium size, flexible 
types with solid polyethylene for a dielectric 
and a single wire braid for a shield, RG8A/U 
is pretty well known. It’s dielectric diameter 
is .285 inches and it has a 52-ohm impedance. 
RG213/U is nearly identical and has a 50-ohm 
impedance. Both have a loss of 2.0 dB per 
hundred feet at 100 MHz. A very common 
50-ohm flexible cable, RG58C/U, has a diam- 
eter a little less than half that of RG213/U 
and introduces 4.9 dB attenuation per hun- 
dred feet at 100 MHz. A 75-ohm foam poly- 
ethylene variety equal in size to RG213/U has 
a loss of 1.5 dB per hundred feet at 100 MHz. 
Most larger sizes use a solid aluminum shield. 


Why a solid shield and why aluminum? 


After a coax gets pretty big in diameter, it 
loses most of its flexibility whether you puta 
braid around it or not. A solid metal shield 
completely prevents radiation to nearby ca- 
bles and is a better electrostatic shield from 
high energy RF. Besides that, it is water- 
proof. Aluminum is used because it is much 
cheaper than copper and next to copper in 
conductivity. There is usually much more 
metal in the shield than in the center con- 
ductor so the attenuation due to losses in the 
shield would normally be much less than the 
losses in the center conductor anyway. 


What does it matter if high frequency signals 
are attenuated more than low frequency sig- 
nals? Can't you simply put in enough voltage 
to get out what you want? Are the losses all 
that important? 


The losses sometimes have a special impor- 
tance as when you are trying to deliver a lot 
of RF power to an antenna, but the most 
common problem is with loss of signal fidel- 
ity. This is important when you are trying to 
transmit a pretty wide bandwidth of signals or 
signal components, as with a video signal. 
What it usually adds up to is that you must 
compensate for the unequal losses with a 
complementary amplifier some place if you 
have to go great distances. Telephone and 
T.V. relay amplifiers do this for us all the 
time. 


Polyethylene Helical Support for Center Conductor 


> You were saying that statements of cable at- 
tenuation were often only average or nominal 
values. What would a cable with better or 
worse attenuation than expected do to signal 
fidelity? 


A mere one-sided error would probably not 
do much harm. The amplifiers can usually be 
adjusted to compensate. What can get to bea 
serious problem though is when some particu- 
lar signal frequencies or frequency compo- 
nents are attenuated more than higher ones. 


What could cause that? 


Probably the most common cause is equally 
spaced impedance discontinuities in the trans- 
mission line. This can be caused by some- 
thing in the manufacturing process, poor 
splices or connectors where sections of equal 
length are joined -- that sort of thing. 


Why should equal spacing make a difference? 


Because signal frequencies that are some mul- 
tiple of the frequency which has a quarter 
wavelength equal to the spacing will be espe- 
cially attenuated. It is like a standing wave 
phenomenon. 


One more thing on high frequency losses: 
Isn’t there some upper frequency limit where 
it is no longer practical to use coax? 


Yes, there is what is called a cut-off fre- 
quency, the lowest frequency where the ca- 
ble starts to act like a waveguide. Waveguides 
of course, will transmit very high frequency 
signals with much less attenuation than a coax 
but they are frequency selective, fairly narrow 
band, transmission lines. All coaxial cables 
will start to act like a transmission line at 
some high frequency and that phenomenon is 
one that does usually impose a practical upper 
limit to the signal frequencies or frequency 


components that can be transmitted over even 
short distances with any kind of fidelity. To 
make matters worse you are forced to use 
smaller and smaller diameter cable as you go 
higher in frequency and that of course, in- 
creases losses. There is no way out for very 
broad band transmissions except to not go 
far! 


Can you give an idea of what size cables can 
carry what signal frequencies without getting 
into this waveguide mode? 


Yes. There is even a formula. It is based 
partly on the type of dielectric and partly on 
the sum of the diameters of the outer and in- 
ner conductors. A 50-ohm cable with solid 
polyethylene dielectric, 2 inches in diameter 
has a cut-off frequency very close to 2 GHz. 
From there you can easily figure that 4 GHz 
would be the cut-off frequency for a similar 
cable with a one-inch diameter dielectric, and 
8 GHz for one with 1/2 inch diameter, and so 
on. If you work with the metric system try 
to remember that 1 GHz is close to the cut- 
off frequency for a cable 100 mm in diam- 
eter if it is 50-ohm cable made with solid 
polyethylene dielectric. From there you can 
easily see that a 50 mm diameter would give 
us a 2 GHz cut-off, 20 mm a 5 GHz cut-off, 
etc. 


Seventy-five-ohm cables with air dielectric 
have a cut-off frequency close to 50% higher 
than 50-ohm cables having an equal diameter 
but a solid polyethylene dielectric. Cut-off 
frequency figures apply to cables in good con- 
dition. Some people consider 90% of the cut- 
off frequency to be a practical limit. 


Double Shield & Solid Center Conductor 


apza't aPgo'L 
gP9z'L apes’ 
apgs’ apzo" 
(ZHI 12) 
aP'0z apg’g 
aP’ZL apo'e 
apa" Z aPZ'L 
apa's aPe'L 
apo'e apog" 
gpo'z apos’ 
aPp'k aPre" 
aPOL'9 aPpZ'L 
apoz'r APOL'L 
aPLe’e apgg" 
aPez'z apzs" 
apg’! apze" 
gpg" apr’ 
aPZL" aP6l" 
aP Ly’ aPLL" 
“ apco’ 
ZHD | ZHI OOL 


13444 001/SSO71 aP 


18 
L8 
L8 


dJainjoejnueyw yim Agen Aew suoneoisioads , 


(WiwWG L"6) 
(wu LL) 
(wuwig’ZL) 


uC9E 
w0S7 
089° 


aweN apes JUOgNG paiaisibay © 


ucl¥ 
009° 
u0GL 


YOLONGNOD Y3ALN3AD YAddOO ‘GTSIHS WANINNTY GITOS ‘WVO4 SN3TAHLIA10d WHO SZ 


OL 
OL 
OL 
OL 


(WuwWG9"|) 
(WiLug6"Z) 
(wiwgz"g) 
(wi?) 


990° 
u8Ll 
800° 
G87 


980° 
all 
u0SC 
uGO 


YOLONGNOD Y3LN39D GNV G13IHS Y¥AddO9 GI10S ‘@NO1S31L JsL WHO 0S 


L8 
18 
L8 


L8 
18 
18 
18 
8 


(wiwge's) 
(wiwy7"8) 
(wiwuy" LL) 
(wiwE"0Z) 
(wiuy"Z€) 


uOlLZ 
uGCE 
0S 
ul08 
ult L 


«009° 
uG LB 
uGC9'L 


YOLONGNOSD YSLN3AD YAddO9D ‘GTSIHS YAddOO GALVONYYOD ‘WVWOs4 SNATAHLIA10d WHO 0S 


u0SC 
uGLlE 
«009° 
uGlLB 
uGC9 | 


YOLONGNOD Y3.LN39 YAddOO ‘G1SIHS WANIINNIY ‘WVYO4S SNSTAHLISA10d WHO 0S 


8°66 
8°66 
8°66 
8°66 


(wiwg'6 L) 
(wiug'ge) 
(Wig "9/) 
(wiz L) 


uG8L 

uleGt 
uLCO'E 
ul 86S 


uGlLB 

uGC9 
uGCLE 
uGCL'9 


Y3.LN39 GNV GT13IHS Y4ddO9 ‘D1H1931510 SVD GAZINNSS3Yd ‘GIDIY WHO 0S 


TAA 


~-AGISNI 


ACISLNO 


YALAWNVIG GTSIHS 


S$319V9 3141X314-IWAS 8 GIDIY-IWAS ‘GIDIY NOWWOD AO SOILSINSLOWYVHO , 


a 


cca 
7 
WY 
—— 


ee 


8/72 


*ssaunjoejnuew UsaMjaeq JeyMaWos Ajer ABW sUO!edI}I9adS ,, 


aPr9l aPLy aiqnoq PIOS P!OS %99 O 0S N/EZZOY 
aP0'cc aP6'r abuls Papuells P!IOS %99 O 0S N/W8S9Y 
aPr'Zt aPs'y a[buls PIOS P!OS %99 OU geS n/assgou 
aPr'9l aPL'v 3|qnoq PL]OS PIIOS %99 OU GES n/assouy 


YALAWVIG DIY LOATAIG (wwgéE'Z) you! OL 1° 


aPo'ol aP6'c ajqnoq PIIOS !WaSs v8 © &6 N/ALZDY - N/VWLLOY 
aPpo'cl €PL’e a[6uls papuens |Was %v8 U &6 N/dz99uy 
€Po'ol aP6'C ajbuis PI]OS 1Was v8 © &6 N/We99uy 
P06 aPg'c a|buls PHOS weo4 %8L OGL widAL., 6994 
Pov aP6'e a|buls PHOS PIOS %99 OGL n/a6g9uy 
aP0'r aP6"e ajbuls PIO0S PHOS %99 O EL N/6SDyY 


YALAWNVIG DINLOATIIG (ww 2") your 9pL° 


aP6'8 aP0'c a|6uls papuess PHOS %99 0g N/vlLeOu 
aP6'8 aP0'c ajbuls Papuels PHOS %99 © 0S N/ELZOu 
aPr'9 aP6'L ajbuls P!IOS wes %v8 © GCL N/GE99u" - N/E9DY 
€gPo'9 aPg"h a[Buis PHOS weod %8L OGL wAdAL. LLY 
aps GPL'c a|buls papueds PHOS %99 OGL N/WLLDY - N/LLOY 
aP6's aPLé 31qnoq Pepuels PHOS %99 © 0S N/a69uy 
€P6'8 aPL’c abuls Papuels PHOS %99 OCS N/W894Y - N/8DY 
ZHO | ZHI OOL Q1S1HS YALNFO LVN TAA % 

“TS 001/807 a “SHOLOMGNOD SETS RETS SONWOSAMI “SaAL STEVI 


01819047410 ANATAHLAA1Od HLIM SA19V9 N/DY NOWWOD SO SOILSIUSALOVUYVHO , 


